Regulation of cytosolic Ca2+ and cytosolic Na+ is critical for lymphocyte cation homeostasis and function. To examine the influence of cytosolic Na+ on Ca2+ regulation in human peripheral blood lymphocytes, Ca2+ entry and cytosolic Ca2+ (measured with fura-2) were monitored in cells in which cytosolic Na+ was increased and/or the Na+ gradient was decreased by reduction of external Na+ concentration. Ouabain-treated cells (0.1 mM for 30 min at 37 degrees C), suspended in Na(+)-free medium, showed a 30-65% increase in Ca2+ uptake compared to cells in 140 mM Na+ medium. Enhanced Ca2+ influx was entirely dependent on ouabain pretreatment and reversal of the Na+ gradient. Na pump inhibition or Na ionophore addition and subsequent exposure to Na(+)-free medium resulted in a sustained elevation of cytosolic Ca2+. As preincubation of cells in Ca(2+)-free medium further enhanced the ouabain-dependent increase in cytosolic Ca2+, the effects of the microsomal Ca(2+)-ATPase inhibitor thapsigargin on Ca2+ influx and cytosolic Ca2+ were studied. Thapsigargin stimulated Ca2+ entry following ouabain pretreatment and reversal of the Na+ gradient; the effects of thapsigargin were retained in the presence of LaCl3, a potent inhibitor of store-dependent calcium influx pathways. These results show lymphocytes demonstrate Na+/Ca2+ exchange activity and suggest the Na+/Ca2+ exchanger modulates cytosolic Ca2+ following intracellular Ca2+ store depletion. 
Introduction
The presence of the Na+/Ca2" exchanger has been suggested from experiments with rabbit lymphocyte vesicles (1) and human peripheral T lymphocytes and Jurkat T cells treated with Na+/Ca2+ exchange inhibitors (2, 3) . Indeed, modulation of cytosolic Ca2" by Na+/Ca2+ exchange mechanisms has been suggested as an important component of lymphocyte activation and/ or proliferation responses (2) . In contrast to these observations, Donnadieu and co-workers (4, 5) found no evidence of Na+/ examine this issue further, we have employed a sensitive assay to detect Na+/Ca2+ exchange activity in human lymphocytes, i.e., cytosolic Na+-dependent Ca2" influx. Identifying Na+/Ca2" exchange activity in lymphocytes would increase our understanding of functional alterations in cation transport in several pathological conditions. White blood cells from subjects exhibiting essential hypertension (6) (7) (8) (9) and diabetes mellitus (10, 11) have been studied to gain insight into cellular Na+ and Ca2" transport abnormalities. However, in order for lymphocytes to serve as a model for cellular Na+ and Ca2" homeostasis, they should express the cation transport mechanisms found in the target cells known to be affected in these disorders. Examples of target cells identified in hypertension and diabetes include the vascular smooth muscle and renal epithelial cells. These cells express plasma membrane Na+-K+-ATPase, Na+-K+-Cl-cotransport, Na+ H+ antiport, Ca2+-ATPase, and Na+/Ca2' exchange activities, and investigators have detected abnormal function or regulation of one or more of these transport systems in hypertension and diabetes (12) (13) (14) (15) (16) (17) . Inasmuch as lymphocytes have been shown to express all but Na+/Ca2" exchange activity, identifying this transport system would justify the use of this cell as a model for pathological alterations in Na+ and Ca2+ transport. Recently, we observed that Ca2+ efflux in human lymphocytes was stimulated by the presence of external Na+ (18). Both the rate and threshold cytosolic [Ca2+] for Ca2+ extrusion were increased in Na+-containing medium, consistent with the presence of a Na+/Ca2+ exchange mechanism in these cells. To obtain conclusive evidence for Na+/Ca2+ exchange in lymphocytes, we have examined the effects of elevated cytosolic [Na+] (produced by Na+ pump inhibition or treatment with the Na+ ionophore monensin) on Ca2+ influx.
Methods
Lymphocyte preparation. Unless noted, all reagents and drugs were from Sigma Chemical Co., St Louis, MO. Peripheral blood lymphocytes were obtained from healthy male volunteers by density-gradient centrifugation (Isoprep; Robbins Sci. Corp., Sunnyvale, CA). To limit monocyte contamination, carbonyl iron was used as described (18). Cells were suspended in Na+-medium consisting of (in mM): 140 NaCl, 5 KC1, 1 MgCl2, 1 CaCl2, 20 Hepes, 10 Na'-free medium). Ouabain pretreatment was used to increase cytosolic Na' through inhibition of the Na'-K+-ATPase; in these and other ouabain pretreatment experiments, 0.1 mM ouabain was also included in the assay buffer. After 5-s-1-h incubation at 37TC, Ca2+ uptake was stopped by addition of 5 ml ice-cold Hepes medium (40 mM Hepes, pH 7.0, 100 mM MgCl2, and 10 mM LaCl3); extracellular radioactivity was removed by rapid filtration of cells on 0. 45 Mm filters (Millipore, Bedford, MA) with two additional washes of LaCl3-containing Hepesmedium as described (20) . Each data point represents the mean of n experiments derived from triplicate or quadruplicate measurements. For
Ca2+ influx experiments, background counts (medium without cells) and 0 time Ca2+ uptake values were subtracted from all experimental time points (except Fig. 1 , inset, where only background counts were subtracted).
Fluorescence measurements. Lymphocytes were incubated for 30 min at 37°C with 2 ,uM acetoxymethyl ester form of fura-2 (fura-2 AM) (Molecular Probes, Inc., Eugene, OR) in Na+ medium or Na+ medium minus CaCl2 containing 0.3 mM EGTA (EGTA-Na+ medium), with or without 0.1 mM ouabain as indicated. Cells were centrifuged for 5 s to remove external fura-2, resuspended in 50 pl of nominally Ca2+-free Na+ medium (medium with CaCl2 omitted), and injected into cuvettes containing 3 ml nominally Ca2+-free Na+ medium or Ca2+-free, Na+- 
Results
Effect of reversing the Na' gradient on Ca2" influx in lymphocytes. The Na+/Ca2' exchanger is a carrier system that mediates the transport of Ca2' across the membrane in direct exchange for Na' (reviewed in reference 26). In most cells expressing Na+/Ca2' exchange activity, the physiological role of this system is to pump Ca2+ out of the cell ("forward" mode Na+/Ca2+ exchange); however, under conditions where cytosolic Na' is increased, the exchanger can carry out the net influx of Ca2+ ("reverse mode" Na+/Ca2+ exchange). To determine whether Na+/Ca2' exchange activity is present in lymphocytes, we employed 45Ca2+ to study the nonsteady state accumulation of isotope by reverse mode Na+/Ca2' exchange. We first calculated
Ca2+ uptake in cells pretreated with ouabain (to inhibit the Na+ pump and raise cytosolic Na') and suspended in Na' or Na+-free media. These conditions were imposed to decrease or reverse the inwardly directed Na' gradient that inhibits Ca2' entry via the Na+/Ca2' exchanger. Lymphocytes exposed to 0.1 mM ouabain in Na+ medium for 30 min demonstrated increased cytosolic [Na+] (42.9±2.4 vs 20.5±2.7 mM for untreated cells, n = 5). The time course of Ca2+ influx is shown in Fig. 1 . Ca2+ influx was significantly increased (30-65%) in cells in Na+-free medium vs. cells in Na+ medium, consistent with the presence of a Na+/Ca2' exchange mechanism mediating Ca2' entry.
As shown in the inset to Fig. 1 , Ca2+ influx increased linearly during the first 20-30 s in Na+-containing and Na+-free media.
In general, the transient increase in Ca2+ uptake was followed by a lower, steady-state amount of Ca2+ influx. This decreased Ca2+ uptake was observed in cells in Na+-free medium and to a lesser extent in cells in Na+ medium. The difference may reflect loss of cytosolic Na+ from the cells; ouabain-treated cells suspended in Na+-free medium underwent a 35-40% decrease in cytosolic [Na+] during a 10-min period (data not shown). The data in Fig. 2 show that the enhanced uptake of Ca2+ in the Na+-free medium was not observed if ouabain was omitted from the preincubation medium. Thus, both an increase in cytosolic [Na+] and reversal of the Na+ gradient are necessary to demonstrate enhanced Ca2+ influx in lymphocytes. Na+/Ca2+ exchange-mediated increases in Ca2+ entry and cytosolic Ca2+ in Na+-loaded lymphocytes. Fig. 3 , A and B show the cytosolic Ca2+ profiles in cells that had been preincubated 30 min in Na+ medium with (Fig. 3 B) or without ( Fig. 3 A) 0.1 mM ouabain. Two traces are shown in each panel, corresponding to cells that were added to the cuvette containing either Na+ medium (solid line) or Na+-free medium (dashed line). Similar to the 45Ca2+ findings, ouabain-treated cells showed an increase in cytosolic Ca2+ in the Na+-free medium compared to 140 mM Na+ medium, whereas no differences between cells in the two media were observed in the absence of ouabain treatment. whereas the changes in cytosolic [Ca2+] in ouabain-free cells were independent of extracellular Na+.
Na+-dependent Ca2' entry was also studied in ouabain-free cells using alternative procedures to raise cytosolic Na+ (Fig.  4) . In the first procedure, cytosolic [Na+] was increased by incubating lymphocytes in K+-free medium at 4°C to inhibit the Na+ pump. Fig. 4 A shows the cytosolic Ca2' profile of these cells suspended in Na+-free medium (trace c), 40 mM (trace b) and 140 mM (trace a) Na+ medium containing 1 mM Ca2". Following a rapid increase in Ca2", a sustained level of cytosolic [Ca2+] is attained that is inversely related to the extracellular [Na+]. The initial increase in cytosolic Ca2" probably relates to Ca2' entry through Na+/Ca2' exchange and storedependent Ca2' entry mechanisms, whereas the sustained phase reflects modulation of cytosolic Ca2" by forward mode Na+/ Ca2' exchange. For the second maneuver, Na+-dependent Ca2" entry in the presence of an active Na+ pump was examined using monensin, a Na+ ionophore (Fig. 4 B) . Pretreatment of lymphocytes for 2 min with 10 ILM monensin in Na+ medium followed by exposure to 40-mM Na+ medium (trace b) resulted in an approximate doubling in the cytosolic [Ca2-] compared to ionophore-free cells (trace a). These data suggest Ca2" influx is enhanced by increased cytosolic Na+ and can be produced independent of ouabain treatment or Na+ pump inhibition. The results support the conclusion of the Ca2" flux studies and indicate that lymphocytes contain a Na+/Ca2+ exchanger which modulates both Ca2+ entry and cytosolic Ca2 . (28) . The intracellular signalmediating Ca2' entry is unknown (29, 30) , but is identical to that produced in cells incubated in Ca2"-free buffer (29) . Ca2" entry mediated by this process has been referred to as "capacitative Ca2' entry" (31) or "store-dependent Ca2+ influx" (32) .
As thapsigargin addition results in a sustained increase in cytosolic Ca2" in lymphocytes in Ca2+-containing media (18, and see Fig. 6 B) , we examined thapsigargin-induced Ca2' entry in ouabain-treated or control cells suspended in Na+ or Na+-free medium. Cells were incubated with fura-2 AM in Ca2+-containing medium, centrifuged, and resuspended in nominally Ca2+-free buffer. In Fig. 5 uptake in lymphocytes suspended in Na'-free medium was unchanged (data not shown). Moreover, La3" inhibited extracellular Ca2+ entry in thapsigargin-stimulated, ouabain-free lymphocytes (Fig. 6 B) . Thapsigargin-induced increases in cytosolic Ca2+ in cells in La3"-containing medium (trace b) were similar to cells suspended in EGTA-Na' medium (trace c); both responses were significantly lower than the thapsigargin-induced increase in cytosolic Ca2`in cells suspended in Ca2+-containing, La3"-free medium (trace a). Thus, 3 MttM La3+ inhibits thapsigargin-stimulated Ca2+ uptake in the presence of extracellular Ca2 .
Finally, the effect of La3" on thapsigargin-stimulated increases in cytosolic Ca2`in ouabain-treated cells is shown in Fig. 6 C. La3" reduced, but did not abolish, the increase in cytosolic Ca2+ in both Na-containing (see traces a and c) and Na+-free medium (see traces b and d); inhibition by La3" was more pronounced
in Na medium than in Na+-free medium. (4, 5) , who were unable to detect Na+/ Ca2' exchange activity in T cell clones and Jurkat T cells. We observed increased Ca2+ uptake and cytosolic Ca2' only after cytosolic [Na+] was approximately doubled (by ouabain pretreatment) and cells were exposed to Na+-free medium. These experimental conditions may explain the inability of some investigators to demonstrate Na+/Ca2+ exchange-mediated Ca2+ entry in T lymphocytes or in Jurkat T cells (4, 5) . In this regard, we were also unable to detect exchange activity in Jurkat T cells (34) using experimental protocols similar to those described in this report. These results suggest that expression and/or activity of the Na+/Ca2+ exchanger differ between resting and transformed lymphocytes.
Potentiation of Ca2" influx in lymphocytes by Na+/Ca2" exchange mechanisms following ouabain-pretreatment is similar to cardiac, skin, lung (35) , and aortic tissues (36) , and renal epithelial cells (37) ple, NaCl replacement with NMDG (see Fig. 1 ) results in Na+/ H+ antiport inhibition and cell acidification, which could reduce Na+/Ca2+ exchange mediated Ca2`uptake (39, 40 (44) . A similar mechanism could explain the increase in cytosolic Ca2+ in ouabain-treated cells suspended in Na'-free medium (Fig. 3 B) . However, ouabain-free cells in Na'-free medium did not respond with a cytosolic Ca2" transient. Furthermore, lymphocytes preincubated in ouabain and EGTA-Na' medium demonstrated enhanced cytosolic Ca2" responses in Na'-free medium. As this treatment decreases intracellular Ca2" stores, increases in cytosolic Ca2" in Na'-free medium result from extracellular Ca2" influx. This finding was further explored by treating lymphocytes with thapsigargin to inhibit SERCA-Ca2" ATPase activity and activate store-dependent Ca2" influx mechanisms. Ouabain pretreatment enhanced the rate and magnitude of Ca2" entry in thapsigargintreated lymphocytes. One possible explanation for this result is that the elevated cytosolic Na' inhibits Ca2" efflux mediated by the exchanger, so that higher cytosolic [Ca2" ] are attained during Ca" entry via the store-dependent Ca2" influx pathway in ouabain-treated cells. This interpretation emphasizes the importance of Na+/Ca2" exchange as a Ca2" efflux mechanism in lymphocytes. Another explanation is that intracellular store depletion enhances Ca2" entry not only through store-dependent Ca2" channels (45) , but also through the Na+/Ca2" exchanger. Even when La3" was present to block the Ca2" influx pathway (see Fig. 6 C) , ouabain pretreatment and suspension of cells in Na+-free medium enhanced the cytosolic Ca2" profile. A similar observation was made in a recent study examining the effects of thapsigargin on Ca2" uptake in transfected Chinese hamster ovary cells expressing the cardiac Na+/Ca2" exchanger (33) .
The primary role of the Na+/Ca2" exchanger in lymphocytes is most likely cytosolic Ca2" extrusion (18), for example, during Ca2"-spiking events (45) (46) (47) and/or Ca content of intracellular stores. The evidence presented here affirms the exchanger is present in human lymphocytes, and suggests that this cell preparation may be useful for studying Na+/Ca2+ exchange-related alterations in cytosolic Ca2" and Na' in essential hypertension and other diseases.
